One common advantage proposed for group-living in animals is social facilitation of feeding, by which food acquisition by an individual is made easier by feeding neighbors.
INTRODUCTION
Some resources are better exploited by groups, providing one of the main arguments for gregariousness in animals (Prokopy and Roitberg, 2001) as individuals aggregate to benefit from feeding together. Social facilitation of feeding can be defined in a variety of ways, but the simplest and broadest definition, which makes no assumptions about an animal's motivational state, states that facilitation occurs when food acquisition by an individual is made easier by the feeding action of neighbors (Costa and Pierce, 1997; Weed, 2010; Ward and Webster, 2016) . Social facilitation of feeding can be considered a form of cooperation-defined as an interaction in which individuals confer mutual fitness benefits onto each other (Barker et al., 2017) . This cooperation can occur via various mechanisms (Ward and Webster, 2016; Barker et al., 2017 )-collective feeding either buffers variability in resource acquisition (e.g., foraging seabirds share information about location of fish schools), reduces time and energy required to acquire resources, or makes accessible resources unavailable to solitary individuals (e.g., a group of predators can take down larger prey).
A classic example of social facilitation of feeding involves cooperation between mammalian predators to overwhelm prey defenses (Ward and Webster, 2016) , but herbivorous insects could also provide fertile ground for exploring how acquisition of defended resources by an individual is made easier by the feeding action of neighbors. Indeed, the food sources of herbivorous insects are often plentiful but bear mechanical and chemical defenses that constitute a considerable obstacle to feeding (Schoonhoven et al., 2005) , and collective feeding could be a means to overcome those defenses.
Group living is widespread among herbivorous insects and takes many diverse forms (Costa and Pierce, 1997; Fitzgerald and Costa, 1999; Costa, 2006) . Cooperation via social facilitation of feeding is one of the several advantages put forward for gregariousness, and has been well-documented in a few classic systems: for example, bark beetle mass attacks can exhaust tree defenses and kill them (Raffa et al., 2008) , and aphids both create nutrient sinks that redirect plant resources to the colony and collectively secrete enzymes to neutralize plant defenses . Many leaf-chewing larvae also live in groups and have been proposed to benefit from social facilitation of feeding via trail-based recruitment to feeding sites, collective building of feeding shelters and overcoming of plant defenses (Costa and Pierce, 1997) . Studies designed to exclude anti-predator or thermoregulatory effects of group-living have documented group-enhanced growth rates that appear linked to collective overwhelming of plant defenses in many herbivorous caterpillars (Tsubaki and Shiotsu, 1982; Cornell et al., 1987; Lawrence, 1990; Stamp and Bowers, 1990; Clark and Faeth, 1997; Denno and Benrey, 1997; Reader and Hochuli, 2003; Inouye and Johnson, 2005; Pescador-Rubio, 2009; Allen, 2010; Fiorentino et al., 2014) as well as sawfly (McMillen and Wagner, 1998) and beetle (Nahrung et al., 2001; Weed, 2010) larvae. However, the plant defenses that leaf-chewing herbivores could overcome by feeding collectively are not understood as clearly as they are for xylophages and phloem-feeders.
One potential mechanism for social facilitation of feeding in folivores involves overcoming trichome defenses by collective production of silk (Rathcke and Poole, 1975; Fordyce and Agrawal, 2001) . Trichomes are hair-like appendages extending from aerial surfaces of plants and constitute important defenses that can significantly reduce herbivore survival and damage by physically impeding or even impaling small herbivores, or by exuding toxic or sticky compounds to deter, kill or entrap them (Levin, 1973) . Plants in the genus Solanum exhibit several different types of trichomes: non-glandular trichomes are purely mechanical defenses and can take several shapes from simple hairs to stellate rosettes, whereas glandular trichomes contain toxic or sticky secretions (Tian et al., 2012) .
Solanum trichomes, especially glandular trichomes (Tian et al., 2012) , have been shown to be important defenses against multiple herbivores (Simmonds and Gurr, 2005) .
For instance, Helicoverpa armigera (Lepidoptera: Noctuidae) neonates (Simmonds et al., 2004) and Phthorimaea operculella (Lepidoptera: Gelechiinae) larvae (Gurr and McGrath, 2001) are entrapped on glandular trichome exudates of pubescent tomato varieties, and washing leaves with ethanol to remove these secretions decreases P. operculella mortality (Gurr and McGrath, 2002) . Similarly, both Helicoverpa zea and Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) feed more and perform better on tomato varieties with fewer glandular trichomes (Tian et al., 2012) , and early-instar Manduca sexta neonates initiate feeding faster on trichome-free plants (Kariyat et al., 2018) . Several studies suggest mechanisms by which insects counter plant trichome defenses, including specialized morphology, like elongated tarsi to avoid contact with trichome exudates or tarsal hooks to anchor onto trichomes (Boligon and Medeiros, 2007) , and behavioral adaptations (Voigt et al., 2007) . Pardasena diversipennis (Lepidoptera: Nolidae) feeding on pubescent Solanum coccineum mow the abundant stellate trichomes prior to initiating feeding on the underlying tissue (Hulley, 1988) . Similarly, H. armigera remove trichomes on pubescent Solanums, leading to a delay in feeding when compared to individuals on glabrous plants (Shelomi et al., 2010) . Mechanitis polymnia isthmia (Lepidoptera: Nymphalidae) feeding on pubescent Solanums use silk mats and trails to move around and feed out of reach of trichomes (Rathcke and Poole, 1975) .
Collective feeding could significantly enhance these behavioral trichome countermeasures. For instance, in Battus philenor (Lepidoptera: Papilionidae) larvae feeding on Aristolochia californica plants (Aristolochiaceae), not only did caterpillars show preference for portions of leaves with trichomes removed, individuals feeding on trichome-rich plant parts aggregated more than those on leaves with fewer trichomes (Fordyce and Agrawal, 2001) . Detailed studies of M. polymnia isthmia feeding on pubescent Solanum hispidum and S. jamaicense show that early-instar caterpillars collectively build a silk network over the trichomes to move around on the leaf and engage in lengthy probing among trichomes before initiating feeding. Once an individual has begun feeding, others join it and expand the feeding hole, mowing the abundant stellate trichomes and leaving them to accumulate at the edge of the feeding hole (Young and Moffett, 1979b) . Individual consumption and growth rate of M. polymnia isthmia are higher in large groups than in small groups (Young and Moffett, 1979a ), suggesting social facilitation of feeding.
The present study uses the closely related Mechanitis menapis to examine the role of collective feeding in enabling Mechanitis caterpillars to colonize glandular-trichome-defended Solanums. Specifically, it tests the hypothesis that social facilitation of feeding enables Mechanitis menapis caterpillars to initiate a feeding edge on pubescent Solanum acerifolium. First, a field survey and a lab experiment test for collective feeding was conducted. Next, the lab experiment compares behavior and survival of Mechanitis menapis on control and ethanol-washed leaf surfaces to further investigate whether glandular trichomes impede feeding and whether feeding is socially facilitated in response to glandular trichomes. 
METHODS

Study Species
Mechanitis menapis mantineus (Nymphalidae: Ithomiini) larvae are gregarious and use silk trails to move around on host plants (Santacruz-Endara, 2012; Despland and SantacruzEndara, 2016) . Known host plants are within the Solanum subgenus Leptostemonum (Robinson et al., 2010) , the "spiny Solanums, " characterized by sharp epidermal prickles and stellate trichomes (Levin et al., 2006) .
The present study was conducted on Solanum acerifolium (Leptostemonum: Acanthophora), the most common host plant on which M. menapis is found in the study region (personal observation). S. acerifolium is a 1-3 m tall herb and bears prickles on veins of both adaxial and abaxial leaf-surfaces, as well as simple hyaline hairs and shorter simple glandular trichomes on both surfaces, and 4-5 rayed stellate hairs on the abaxial surface (http://eol.org/pages/5695079/details).
Study Design
The study was designed as follows to test hypotheses: first about collective feeding, second about the defensive role of glandular trichomes, and third about social facilitation of feeding in response to glandular trichomes. To test whether caterpillars feed collectively, a field survey recorded aggregation by caterpillars throughout development and a lab experiment tested whether caterpillars move toward each other to feed. The lab experiment tested whether glandular trichomes impede FIGURE 2 | Number of stellate, simple and glandular trichomes with a visible glandular head containing exudate on abaxial and adaxial surfaces of washed and control leaves. ***Implies significance at p < 0.001.
feeding by comparing the time budget, latency to begin feeding (Kariyat et al., 2018) and survival of caterpillars on washed and control leaves. The lab experiment also tests whether feeding in the presence of glandular trichomes is socially facilitated by comparing, between leaf treatments, the proportion of feeding events that occurred alone vs. with a neighbor and by counting the number of feeding holes. We recorded all developmental stages of Mechanitis menapis observed (eggs, larvae, and pupae), as well as their position on the plant and whether they were aggregated. Insects were considered to be aggregated if they were <5 mm away from their nearest neighbor (Santacruz-Endara, 2012; Despland and SantacruzEndara, 2016) . Each plant was surveyed only once; eggs were collected and hatchlings were used in behavioral observations. Surviving individuals were released after use.
Field Survey
Laboratory Experiment
Mid-level mature leaves (leaf number 3-6 starting from the apical bud) were cut from S. acerifolium plants and placed immediately in water. These leaves were selected because they are the ones on which M menapis eggs and larvae were generally found during the field survey.
Experiments were conducted in a field laboratory under natural conditions, with an LD 12: 12 h photocycle at 25 • C (day) and 16 • C (night), and 75% relative humidity.
One side (left or right) of each leaf was washed with 70% ethanol by stroking with a paintbrush for 60 s on both surfaces (adaxial and abaxial) then rinsing with abundant water (Gurr and McGrath, 2002) . Control sides were brushed with water. Leaves were observed under a stereomicroscope (20x magnification) to compare density of stellate, simple and glandular hairs with exudate-filled heads. The number of each type of hair was counted on a 4 mm 2 disc; 3 discs were counted on each leaf used in the experiments and pooled to create an average value per leaf.
Three to six (depending on availability) hatchlings from fieldcollected eggs were placed 2 cm apart from each other on the adaxial surface of washed and control sides of a leaf 1 h following the washing treatment. Sixteen replicate trials were conducted and a total of 62 control-and 63 washed-treatment insects were used.
Caterpillar behavior was recorded individually using 5-min interval sampling for 2 h 30 min following placement using Noldus Observer XT 12 (i.e., 30 intervals per individual caterpillar; of the expected 3,750 intervals, 3,529 intervals were retained for analysis since some were lost to disturbances). The ethogram contained the following behaviors: resting (the caterpillar is motionless), feeding (the head moves up and down in a characteristic motion and a hole appears in the leaf), grazing trichomes [the head moves up and down and from side to side as the caterpillar bites trichomes to remove them (Shelomi et al., 2010) ], spinning (the head moves rhythmically from side to side as the caterpillar lays down a silk mat on the leaf surface), walking (the legs and prolegs move alternately as the body moves forward), or grooming [the head waves around irregularly as the forelegs contact the mouthparts; this behavior is often seen after feeding or trichome grazing and is thought to involve cleaning plant compounds from the mouthparts (Gurr and McGrath, 2001) ]. The experiment also recorded the leaf surface on which the caterpillar was located (adaxial, abaxial or edge), aggregation (whether the caterpillar was within 5 mm of nearest neighbor) and how far it had moved since the previous observation.
At the end of the observation, survival was evaluated by leaving caterpillars for 24 h on the leaf on which they had been observed in mesh cages that exclude predators. Shortterm hatchling survival in the absence of predation provides an index of success in overcoming plant defenses and initiating feeding (Despland, 2018) . The number of holes in the leaf (feeding initiation sites) was also recorded to test whether caterpillars on washed leaves were more likely to have initiated feeding independently rather than use a feeding edge created by a conspecific.
All statistical analyses were done with the R 3.5.3 package. In all cases, data distributions were checked prior to assigning the appropriate error structure. Analyses include GLMs with the error structure indicated, Cox proportional hazard models for survival analysis (survival 2.44-1 package) and binomial tests to compare proportions.
RESULTS
Collective Feeding: Field Survey
The field survey shows that M. menapis eggs are grouped in small clusters on the adaxial surface of the leaf (see Figure 1) : 1,077 groups of eggs were observed, ranging in size from 1 to 15 eggs (median = 4). Non-aggregated eggs were usually seen several to a leaf, and it is impossible to distinguish whether such eggs represent intermittent laying by the same female or separate oviposition events from different females. Early instar larvae were always recorded on leaf abaxial surfaces or on stems (never on adaxial surfaces), and were also generally in groups. Presence on leaf undersides, combined with the pale color of the larvae and their tropical habitat, suggests that thermoregulation is not involved in driving aggregation.
First instar larvae appeared to actively aggregate-group size for first instar larvae was larger than for eggs (GLM with Poisson error structure df = 1,570, p = 0.0004). When several larvae were present on the same leaf, they were almost always aggregated. Group size declined during development, such that most pupae were seen alone (see Figure 1) .
Effectiveness of Leaf Washing Treatment
The ethanol washing treatment significantly decreased the average density of glandular trichomes on both adaxial and abaxial surfaces (Figure 2 ; GLM with quasi-Poisson error FIGURE 3 | Boxplots showing, for control and washed sides of leaves, the proportion of observations spent eating, trichome grazing, grooming, walking and resting. The proportion of observations recorded on the abaxial surface of the leaf, and the total distance traveled during the assay are also given. Asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001. structure: p = 7.51e-08 with 60 d.f.; effects of leaf surface and interaction not significant). However, there was no significant evidence that washing influenced average density of stellate or simple trichomes (Figure 2 ; GLM with Poisson error structure for stellate: p = 0.074 and for simple trichomes: p = 0.71 on 60 d.f).
Collective Feeding: Lab Experiment
On both treatments, caterpillars moved to the abaxial surface of the leaf, either by chewing a hole through the lamina, or by walking over the edge (median latency: control, 38 min.; washed, 36 min; Cox proportional hazards analysis p = 0.54 from the survival 2.44-1 package in R). However, movement was generally limited (see Figure 3) for total distances traveled) and no individual crossed over to the other treatment (washed or control) on its leaf.
All individuals moved to join at least one neighbor during the assay period and the latency to aggregate did not differ between treatments (median latency: control, 32 min.; washed, 28 min; Cox proportional hazards analysis p = 0.64).
Trichome Effects on Feeding and Survival
Larvae began feeding sooner on the washed than on the control side of leaves: the median latency to feeding was 55 min on the washed side (1 censored individual never fed within the duration of the assay) and 87 min (3 censored individuals) on the control side. Cox proportional hazards survival analysis shows this difference to be significant (coefficient for the washed treatment: 2.32; Wald statistic: 7.37, p = 0.0065). Latency to initiate feeding can reflect food palatability (Clissold, 2008) , and hence this result suggests that the washing treatment did not significantly decrease leaf palatability.
Analysis of the time budget of those individuals that did feed during the assay showed that larvae spent more time eating and grazing trichomes on washed leaves and less time grooming, but showed no difference in time spent walking or spinning or in total distance traveled during the assay (see Figure 3) .
In total, feeding was observed 97 times on the washed side of leaves, compared with 65 times on controls. The caterpillar groomed its mouthparts after 86% of these feeding events on controls but only after 40% of feeding events on the washed side of leaves (proportions test chi-square = 22.9, p < 0.0001).
Finally, survival over the first 24 h period was higher on washed (70%; N = 63 caterpillars) than on control (40%; N = 62 caterpillars) sides of leaves (χ 2 = 10.9, df = 1, p < 0.001). The absent caterpillars were retrieved dead: no individuals had disappeared, confirming that mortality was linked to plant defenses or other mortality agents (e.g., pathogens) associated with the plant surface that had been removed by the washing treatment. All individuals were recovered alive at the end of the behavioral observations.
Trichome Effects on Social Facilitation of Feeding
Initiation of feeding was facilitated by a feeding neighbor, especially on the control side of leaves: of the 65 individual feeding events that were observed on controls, only 5 occurred when the caterpillar was not in an aggregation (7.69 %), compared to 45 of the 97 observations of feeding (46.4%) on the washed sides of leaves (proportions test chi-square = 24.8, p <0.0001). Aggregated caterpillars always shared a feeding edge as soon as it had been initiated.
Furthermore, observation of leaves after 24 h showed that the number of feeding initiation sites was higher in the washed treatment: 0.81 ± 0.072 S.E. holes per surviving individual on washed, 0.46 ± 0.038 S.E. on control sides of leaves (GLM with binomial error structure p = 0.006 on 15 d.f.).
DISCUSSION
In response to the questions posed in the introduction, both the field survey and lab experiment showed that caterpillars aggregated and fed collectively. In the lab experiment, leaf washing destroyed gladular trichomes and could also have affected other aspects of leaf surface chemistry, any effects of which are likely to be minor relative to those of trichome head removal (Gurr and McGrath, 2001 ). The lab experiment further showed that glandular trichomes are effective defenses for the plant: they delay caterpillar feeding initiation and decrease survival. The increased time spent grooming on control leaves further suggests that trichomes contain noxious substances that caterpillars on washed leaves do not need to contend with (Gurr and McGrath, 2001) . Finally, the experiment demonstrated social facilitation of feeding in response to these trichomes, as solitary feeding was observed more frequently on washed than on control leaves, leading to a greater number of feeding initiation sites on washed leaves. By contrast, caterpillars on control leaves generally fed at a site where another individual had already pierced the cuticle and created a feeding edge (Clissold, 2008) . Together, these results suggest that glandular trichomes inhibit a caterpillar's ability to initiate solitary feeding, and that caterpillars' adaptive response to trichomes is to aggregate, using social facilitation to overwhelm these defenses.
In general, the leaf surface influences the ability of insect herbivores to establish a feeding site, especially in the early larval instars when mandibles are small (Despland, 2018) as newly emerged larvae must pierce the leaf cuticle to access the nutritious tissues underneath (Clissold, 2008) . Tough leaves, or additional surface features such as waxes or trichomes, can increase the food processing time required by caterpillars to remove or circumvent these obstructions in order to access the nutritious leaf parenchyma (Voigt et al., 2007; Shelomi et al., 2010) . Glandular trichome exudates can entrap or poison small larvae before they even initiate feeding (Gurr and McGrath, 2001 ). Our results show that caterpillars cooperate to collectively overcome the barrier posed by glandular trichomes and open up a feeding edge, which is then exploited by all the individuals. This form of cooperation would fall under the category of "collaborative production of shared group benefits" (Barker et al., 2017) .
Two potentially complementary mechanisms exist by which grouping can facilitate feeding initiation on trichome-bearing plants: first, previous work suggests that caterpillars collectively lay down silk to avoid trichome exudates (Rathcke and Poole, 1975) , and second, the present study shows that individuals share the feeding edge created by one of their neighbors. M. menapis collectively lay down a network of silk threads to move around suspended above the trichomes (Despland and Santacruz-Endara, 2016) , and this behavior was observed on control leaves in our experiment (Supplementary Image 1) . However, larvae on washed leaves were observed walking directly on the leaf surface, around the base of non-glandular trichomes (Supplementary Videos 1, 2) , suggesting that the silk bridge is used to avoid glandular trichomes and their exudates. As soon as a control-side larva established a feeding edge, it fed on the leaf lamina, cutting trichomes, including glandular trichomes, at the base, presumably avoiding exudates contained in the trichome head. Feeding was often followed by grooming behavior, presumably to remove secretions the larva had been unable to avoid (Gurr and McGrath, 2001) . Similarly, cooperation by sharing the task of producing a feeding edge has been proposed to explain social facilitation of feeding in folivores on particularly tough leaves. Experiments suggest that small larvae need to work together to cut tough leaves: young larvae grow better in larger groups but the difference disappears when they are reared on predamaged leaves [Pryeria sinica Lepidoptera: Zygaenidae (Tsubaki and Shiotsu, 1982) ; Chlosyne lacinia Lepidoptera: Nymphalidae (Clark and Faeth, 1997) ; Chrysophtharta agricola Coleoptera: Chrysomelidae (Nahrung et al., 2001) ].
Scaling relationships imply that trichomes are especially dangerous for small larvae (Zalucki et al., 2001) , and indeed, in M. menapis as in other species, groups tend to break up as caterpillars grow, such that in the field, late instar larvae are often observed alone (see Figure 1) . Laboratory observations confirm that late-instar M. menapis eat glandular and non-glandular trichomes apparently effortlessly (Supplementary Video 3) .
The genus Mechanitis is specialized on the trichome-bearing Leptostemonum clade within the mega-genus Solanum, and many species are gregarious (Giraldo and Uribe, 2012) . Mechanitis menapis actually exhibits relatively small group-sizes and flexible behavior (Despland and Santacruz-Endara, 2016) compared to some congenerics (Young and Moffett, 1979b; Young, 1983; Brown and Freitas, 1994; Arantes, 2001; Giraldo and Uribe, 2010) . Previous work has suggested that other Mechanitis larvae cut trichomes prior to feeding, leading to the accumulation of piles of uneaten trichomes near the feeding hole (Young and Moffett, 1979b) , and that they use silk to cover plant trichomes and to facilitate movement and feeding (Rathcke and Poole, 1975) , suggesting that adaptations to overcoming trichomes are widespread in this genus that specializes on trichome-defended plants. The phylogeny of Mechanitis is still unresolved and data are insufficient to form hypotheses about the evolution of gregariousness and host plant use in this genus.
The present study provides the first evidence, to my knowledge, demonstrating a mechanism of cooperation between conspecific folivores, and explains the mechanism via overcoming a plant's trichome-based defenses and facilitating entry to the leaf. There are many known examples whereby insect feeding decreases plant quality for subsequent, con-or hetero-specific, herbivores by stimulating induced plant defenses (Schoonhoven et al., 2005; Johnson et al., 2012; Stam et al., 2014) . Instances where attack by an herbivore facilitates feeding by others are less well-documented: a review suggests that 20-40% of interactions between different herbivore species on the same plant are facilitative (Stam et al., 2014) , and that these primarily occur between species, even between feeding guilds [e.g., chewing and sucking guilds (Stam et al., 2014) , above-and belowground feeders (Johnson et al., 2012) ]. For instance, leaf-rollers create novel habitats on a plant and thus facilitate colonization by many other herbivores (Vieira and Romero, 2013 ). The present study shows that feeding activity can facilitate further feeding by conspecifics by overcoming trichome defenses and opening up a feeding edge.
The ways in which foragers interact and shape one another's behavior have been widely studied within the framework of social foraging (Giraldeau and Caraco, 2000) , and perhaps the best-known advantage to foraging in a group is access to information (Ward and Webster, 2016) . The generation of public goods that are qualitatively different from those a single individual could produce has received less attention. The present study shows that insect folivores can benefit from grouping to tackle food sources that would be unavailable to isolated individuals. This type of cooperation implies direct fitness benefits to group members irrespective of the identity of other group members, and therefore can occur between unrelated individuals (Barker et al., 2017) , demonstrating an alternate pathway to group living in insects independent of cooperative breeding (Costa, 2006) .
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